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A NOVEL DIFFERENTIAL TECHNIQUE UTILIZING MULTIPLE ENZYMES: 
DEVELOPING SEPARATION OF NON-SPERM AND SPERM FRACTIONS 
 
 
RACHAEL E. MARTINEZ 
 
ABSTRACT 
Processing sexual assault samples is a difficult time consuming task for the 
forensic analyst.  Samples tend to be a mixture of the victim’s epithelial cells and the 
male suspect’s sperm cells that need to be separated prior to extraction of 
Deoxyribonucleic Acid (DNA).  Without separation of the two cell types, the DNA 
extract would result in an uninterpretable mixture. In 1985, Peter Gill and colleagues 
outlined a procedure known as preferential lysis that would aid in the separation of 
female and male cells from sexual assault samples.  The basis of this procedure, 
commonly referred to as a differential extraction, utilizes differences in the packaging of 
DNA between the two cell types to preferentially lyse the female epithelial cells and 
leave the sperm intact.  By pelleting the sperm and removing the supernatant (termed the 
Non-Sperm Fraction) the Sperm Fraction can now be extracted without the contaminating 
epithelial cells.  This procedure has been widely implemented in forensic laboratories and 
is still being used today over 30 years later.  However, there are certain conditions under 
which this procedure does not perform sufficiently including excess of female epithelial 
cells and low amounts of sperm.  Unfortunately, both of these conditions are common 
among sexual assault samples.  The procedure also is quite long, and with the backlog of 
sexual assault samples continually growing in the United States, there is a need for a new 
  
v 
procedure that is faster and performs optimally under the previously mentioned 
conditions.   
This research explores the use of two enzymes, EA1 (marketed by Zygem 
Corporation as ForensicGEM Saliva™) and Trypsin to separate the cells.  Due to the 
inability of Zygem to cleave the disulfide bonds present in the sperm DNA packaging 
proteins, treatment of mixed samples with Zygem will lyse the epithelial cells and leave 
the sperm intact.  The incubation time of Zygem is much faster than that of the Gill 
method and can be performed in one tube, minimizing the chances of DNA loss and 
contamination during transfers.  Treatment of the pelleted Zygem extract with Trypsin 
effectively and rapidly lyses the sperm cells.  Combining these methods into a differential 
extraction protocol has the potential to be a rapid, easily implemented procedure. 
Results from the Zygem-Trypsin differential extraction method showed 
incomplete separation of the two fractions due to the incomplete lysis of the epithelial 
cells by Zygem.  The resultant profiles did show a major male contribution with a minor 
female component, however these results are not sufficient enough for real casework.  
While further research and development of the protocol are necessary, the Zygem-
Trypsin differential extractions performed here show the potential for a rapid, easy 
differential extraction procedure that could be easily implemented in any laboratory.   
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1. INTRODUCTION 
1.1 Sexual Assault Cases 
 
1.1.1 Types of Samples Received in Sexual Assault Cases 
 Samples from sexual assault cases are routinely processed in forensic laboratories 
across the nation.  In 2010, there were 270,000 reported sexual assaults with more than 
fifty percent being classified as completed rape 
1
.  When a victim of a rape by a male 
perpetrator reports the crime, a series of swabs are taken in order to recover the 
perpetrator’s semen, which in most cases will contain sperm cells.  These swabs will 
ultimately be extracted in a forensic laboratory to recover the deoxyribonucleic acid 
(DNA) of the male and produce a DNA profile from which the perpetrator can be 
identified.  However, there are many complicating factors of the sperm recovery process. 
 
1.1.2 Complicating Factors of Sperm Recovery 
The success of recovering sperm and producing an interpretable profile of the 
perpetrator’s DNA is affected by a number of different factors.  After the semen is 
deposited in the vagina, the sperm cells can only survive for a short amount of time 
before degrading.  Studies have shown that sperm can survive for 2-3 days in the vagina, 
but will begin to degrade as time passes 
2–4
.  Degradation of the sperm in the vagina 
occurs mainly due to phagocytosis by neutrophilic leucocytes 
4
.  Victims of rape do not 
always report the crime right away and by delaying, they hinder the chance of sperm 
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recovery.  Sperm in the vagina are also subject to drainage, which can be enhanced by 
bathing or menstruation and will also result in the recovery of less sperm 
3
.  
Another complicating factor of sperm recovery is that the swabs are taken from 
the victim.  Although the swabs are meant to recover sperm from the vagina, they will 
inevitably also contain epithelial cells from the victim.  This results in a mixture of cells 
and DNA on the swab that need to be separated into a non-sperm fraction (NSF) 
containing only the victim’s DNA and a sperm fraction (SF) containing only the 
perpetrator’s DNA.  If the forensic analyst were to extract the DNA from the swabs 
without first achieving a complete separation of the two types of cells, the result would be 
a complicated mixture that cannot be reliably interpreted. 
 
1.1.3 Incomplete Separation: Difficulties with Mixture Interpretation 
 In sexual assault cases, the ratio of epithelial cells (E cells) from the victim and 
sperm cells from the perpetrator is unknown to the analyst.  When the E cells outnumber 
the sperm cells, there is more likely to be carryover of the E cells from the NSF into the 
SF
5,6
.  Because the victim’s diploid epithelial cells (having two copies of each 
chromosome) contain more DNA than the haploid sperm (having only one copy of each 
chromosome), the number of copies from the victim’s DNA may still outnumber the 
number of copies of the male’s DNA.  This produces a mixed profile with a victim 
component and a male component that can be masked by the victim’s profile 6–8.  As the 
male DNA profile is the profile of interest, it is important that the procedures are 
optimized to be able to produce a single source male DNA profile.  Techniques used in 
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forensic laboratories today to separate the two cell types do not always produce the 
optimal single source male SF 
9
. 
The analysis of DNA on single source samples using a likelihood ratio to report 
the statistical significance of the results has become widely accepted as a sound forensic 
technique.  However, in a report issued by the National Academy of Science in 2009, it 
was noted that analysis of DNA mixtures is a subjective discipline that relies often on 
human interpretation 
7,10,11
.  As is the case with all subjective disciplines, mixture 
interpretation can become subject to bias.  Mixture interpretations are also subject to a 
much simpler, less powerful statistical analysis than the likelihood ratio.  For mixtures, 
the probability of exclusion has been used 
11
.   The probability of exclusion, also referred 
to as the Random Man Not Excluded (RMNE), is a commonly used analysis method that 
calculates the probability that a profile from a random person would be excluded from the 
mixture 
12,13
.  It does not take into account the number of contributors to the mixture or 
the profile of the suspect 
12,13
.  This method discards much of the useful information 
available from the profile making it a less powerful statistical model and may be less 
representative of the available data when presented in court
11,12
.   
Interpretation of mixtures can be further complicated by low copy number (LCN) 
conditions, or samples where extraction produces less than 200 picograms (pg) of DNA
11
. 
LCN conditions may complicate the polymerase chain reaction (PCR) process used to 
amplify the DNA by inducing substantial stochastic effects that complicate the analysis 
of the resulting profiles 
11
.  The PCR amplifies specific short tandem repeat (STR) loci in 
the DNA producing amplicons which are detected using fluorescence, with the 
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fluorescent signal of each amplicon visualized as a peak 
11
.  The height of the peak is 
quantified into relative fluorescent units (RFU), and various thresholds are set to 
distinguish whether the peak is interpretable as genuine signal from an amplicon or noise 
from the PCR and detection processes 
11.  Under LCN conditions, the RFU’s of each 
amplicon may be less than the analytical threshold resulting in a loss of data referred to as 
allelic drop out.  Loss of data will make the profile analysis less convincing.  In sexual 
assault cases, the number of sperm recovered is often low, especially if the victim does 
not report the crime right away.   As a result, LCN conditions are not uncommon among 
sexual assault samples, which is why it is important for the analyst to avoid a mixture by 
ensuring a complete separation of cell types prior to extraction of DNA. 
 
1.2 Differences of Cellular DNA Packaging Utilized for Separation 
 
1.2.1 Epithelial Cell Packaging of DNA with Histones 
 Epithelial cells and sperm cells are different in size, shape, and DNA packaging.  
E cells are large diploid somatic cells containing two copies of each chromosome.  Sperm 
are small haploid gametes containing only one copy of each chromosome, and a tail used 
to propel the sperm forward.  Because the sperm’s function is to travel through the female 
cervix and ultimately fertilize the female oocyte 
14
, the spermatozoa must package and 
organize its DNA in a more compact fashion.  It is this alternate method of DNA packing 
in sperm that allows the two types of cells to be separated.     
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Somatic cell DNA is packaged around an octamer of histones, known as a 
nucleosome 
14,15
.  Each nucleosome consists of two copies of the four histones which are 
H2A, H2B, H3 and H4 
5,14,15
 and 146 base pairs (bp) of DNA wrapped around each 
histone octamer.  A total of approximately 200bp of DNA is seen when including the link 
between adjacent nucleosomes which is bound by histone protein H1 
5,14,15
. This chain of 
nucleosomes forms a structure resembling beads on a string 
14
.  The wrapping of DNA 
around the nucleosome creates a negative supercoiling effect that further packages the 
DNA into a solid 30 nanometer (nm) fiber 
16
.  Because spermatozoa (measuring 4-6 
micrometers (µM)) are much smaller than somatic E cells (40-60µM) 
17
, they do not have 
enough volume in their nuclei for the typical DNA packaging by histones 
16
.  They 
instead rely on a packing method that does not induce a supercoiling effect and allows for 
a more compact structure.   
 
1.2.2 Spermatogenesis: Transition of Histones to Protamines 
 Spermatozoa are the final mature form of the mammalian gamete produced by a 
process known as spermatogenesis during which the spermatogonia goes through a series 
of transformations 
5,18
.  At the onset of spermatogenesis, the cell resembles an E cell in 
size and shape.  At this stage the cell, termed a spermatogonia, is diploid, has a round 
nucleus and DNA packaged by histones 
5,18
.  As spermatogenesis progresses, the 
spermatogonia replicates it’s DNA and transitions into a primary spermatocyte.  The 
primary spermatocyte then divides into two secondary spermatocytes in a process known 
as Meiosis I 
5,18
.   At this stage, the DNA of the secondary spermatocytes is still packaged 
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by histones.  The spermatocytes then undergo a second division, Meiosis II, to produce 4 
haploid spermatids with DNA still packaged by histones and histone variants 
5,18
.  Each 
spermatid is now ready to begin a process of spermiogenesis which consists of a 
nucleohistone to nucleoprotamine transition of the DNA packaging, along with 
elongation and maturation of the spermatid into a spermatozoa 
5,18
. 
Prior to the onset of spermiogenesis, the spermatid DNA is packaged by histones 
which are replaced first by transition proteins, and then a final transition to protamines 
19
.  
This transition is postulated to take place by the destabilization of the nucleosomes by the 
hyperacetylation of the histones 
14
.  The destabilization of the histones results in a 
reduced charge difference between the proteins and the DNA, reducing their affinity for 
one another and allowing transition proteins to be incorporated 
14
.  As spermiogenesis 
continues, the histones and transition proteins are finally degraded and replaced by 
protamines 
5
.  Protamines are short proteins that typically contain sequences of only 50-
110 amino acids depending on the species, but in mammals contain 50, 54, and 57 amino 
acids 
20,21
.  There are two different protamines found in human sperm, P1 and P2 which 
has two variants, P2a and P2b 
5
. It has been found that the protamine amino acid 
sequences contain a large amount of the positively charged amino acid arginine 
5,19
.  The 
amino acid sequences also contain a small number of cysteine residues that, when 
oxidized, form strong disulfide bonds that hold the protamines together and provide 
stability 
19
. 
The use of protamines to package the sperm DNA allows for a more compact 
structure than with histone packaging.  Instead of the bulky nucleosomal structure seen in 
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somatic cell DNA, it has been postulated that protamines allow the sperm DNA to be 
packed into a tighter linear side-by-side arrangement (although the exact structure has not 
been confirmed) 
16
, for a total volume that is close to 1/20
th
 the size of the final somatic 
cell packaging 
5
.  This tighter compact packaging of sperm DNA most likely was adopted 
as a protection mechanism to ensure the DNA being transferred to the female oocyte is 
not damaged during the fertilization process 
14
.  However, it is the interactions of the 
protamines forming disulfide bonds between themselves and other protamines which lock 
the DNA into the compact rigid structure that allows for separation during differential 
extraction 
14
 .   
 
1.3 Differential Extraction 
  The process used by forensic analysts to separate the mixture of victim E 
cells from the male sperm cells in sexual assault samples is known as a differential 
extraction.  This procedure utilizes the different cellular DNA packaging of the two cell 
types to preferentially lyse the E cells first while keeping the sperm intact.  Lysing only 
the E cells first extracts the victim’s DNA into the supernatant which can then be 
removed before sperm cell lysis. This supernatant becomes the NSF.  Once the NSF is 
removed, the sperm can be lysed and the DNA will be extracted to become the SF.   
 
1.3.1 The Original Differential Extraction Procedure  
 In 1985 a procedure known then as preferential lysis (more commonly known as a 
differential extraction) was outlined by Peter Gill and colleagues where it was first shown 
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that sperm can successfully be separated from vaginal components and aid in the 
identification of rape suspects 
22
.  Because in 1985 PCR had not yet been invented, Gill et 
al.  relied on gel electrophoresis to separate out long strands of high molecular weight 
DNA on an agarose gel.  In an attempt to isolate sperm from a vaginal swab, Gill et al. 
noted that the vaginal components were masking the bands from the male component 
22
.  
To clean up the male component they devised the preferential lysis treatment.  This 
consisted of incubating semen contaminated vaginal swabs overnight in a mixture of 
buffer containing tris-hydrochloride (Tris-HCL), ethylenediaminetetraacetic acid 
(EDTA), and sodium chloride (NaCl), along with sodium dodecyl sulfate (SDS) and 
proteinase K (ProK).  SDS is a surfactant that is used to disrupt cellular membranes as 
well as bind to and denature proteins 
23
.  ProK is a serine protease that degrades proteins 
and remains active in the presence of SDS 
5
.  This mixture is incapable of degrading the 
sperm nuclei as they are cross linked with disulfide bonds of the protamines, which 
cannot be reduced by ProK 
22
.  After lysis of the epithelial cells, the mixture was 
centrifuged to pellet the intact sperm, and the supernatant was removed (NSF).  The 
pellet was then resuspended in a mixture of buffer, SDS, ProK, and dithiothreitol (DTT) 
which is a reducing agent that can disrupt the disulfide bonds of the protamines that bind 
the sperm DNA, releasing it into solution (SF) 
22
.  While the introduction of PCR has 
drastically changed the post extraction procedure, most forensic laboratories today still 
use the preferential lysis and cell separation procedure outlined by Gill over thirty years 
ago.  This procedure can accomplish separation of the two cell types in many cases, 
however there are often circumstances where the technique does not perform optimally.  
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1.3.2 Insufficiencies of the Preferential Lysis Procedure 
 While the preferential lysis procedure outlined by Gill is a powerful method and 
can effectively separate E cells from sperm cells in many cases, the success of this 
technique is limited by the starting ratio of E cells to sperm cells.  As previously 
mentioned, sexual assault samples commonly contain a higher number of E cells than 
sperm cells, which leads to an incomplete separation and female DNA carry-over into the 
SF when using the original preferential lysis technique 
6,24
.  To remove the large number 
of E cells, the sperm pellet may need to be washed several times, which leads to loss of 
sperm 
6,8,25
. Studies have been performed to optimize the buffers and temperatures used 
in the preferential lysis procedure to increase the lysis of the epithelial cells 
24
.  It is 
important to note that while altering the protocol to increase the lysis of E cells, one must 
be careful not to begin lysing the sperm cells as well.  Premature lysis of the sperm cells 
not only results in presence of male DNA in the NSF, but also decreases the yield of 
evidentiary male DNA in the SF 
8
.  This is an important issue to consider as many sexual 
assault samples already contain a limited amount of sperm.   
 In response to the issue of premature lysis of sperm cells into the NSF, Weigand 
and colleagues explored a milder preferential lysis procedure,  in which they also aimed 
to minimize washes and transfers in an attempt to reduce loss of evidentiary sperm 
DNA
8
.  In this modified preferential lysis procedure, the lysis buffer used by Weigand 
was less stringent and the incubation times were shorter, 40 minutes at 37° Celsius (C) as 
compared to overnight (~16 hours) by Gill 
8
.   The results of this study showed that the 
milder preferential lysis procedure did allow for the sperm DNA to be visualized by 
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electrophoresis in the SF, however the female bands were of equal intensity.  While these 
modifications reduced the amount of sperm lost during the extraction procedure, this 
technique would not provide the sufficient separation needed to visualize single source 
male DNA using today’s techniques of PCR amplification and detection using 
fluorescence. 
 In a study performed by Yoshida and colleagues, the incubation temperature and 
time of the preferential lysis procedure were also modified.  In the original procedure by 
Gill, the mixed samples were incubated in the previously mentioned lysis reagents 
overnight at 37°C.  Yoshida modified the procedure by incubating mixed samples in lysis 
reagents for 3 hours at 70°C, while shaking 
24
.  An additional modification was the 
increase of ProK from a concentration of 20 micrograms (µg) per milliliter (mL) used in 
the Gill method to 100µg/mL
24
.  Both procedures use microcentrifugation to pellet the 
sperm, removal of the E cell fraction and then lysis of the sperm in lysis buffer with the 
addition of 0.04Molar (M) DTT for at least 8 hours 
22,24
.  Results of this study showed the 
increased incubation temperature sufficiently lysed the E cells into the NSF when the 
sperm cells were outnumbered by E cells 
24
.  The authors concluded that there was no 
evidence of premature lysis of the sperm heads in the NSF, however it was reported that 
this technique results in a significant loss of sperm cells during the initial incubation 
6
.  
Preferential lysis methods must take into consideration the delicate balance between 
successfully lysing the E cells while not losing the sperm cells 
6
, an issue which has 
proven to be difficult to overcome.   
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While these methods have increased the ability of the preferential lysis procedure 
to separate a large number of E cells from a small number of sperm, they do not solve the 
issue of sperm loss when confounded with low amounts of starting material.  Also, the 
modified procedure with shorter incubation times still remains quite lengthy.  With a 
backlog of sexual assault samples constantly building up, faster methods that can reliably 
separate the two cell types are needed 
26
.  An optimal differential extraction procedure 
would be fast, effectively separate the two cell types, and minimize transfers and washes 
to increase recovery yield.  It should also be relatively simple to implement and not 
require the use of expensive machinery.  Several methods of differential extractions have 
been, and are currently being explored to resolve these issues (See Table 1). 
 
1.4 Alternative Methods of Differential Extraction 
 In addition to the two studies previously discussed, there has been much research 
into the development of a differential extraction procedure to replace the outdated Gill 
method still being widely used today.  However, most of these techniques focus on 
resolving only one of the issues (i.e. incomplete E cell lysis, sperm loss, and long 
processing time) with the Gill method leaving the other issues unresolved.  Some 
methods make use of robotic instrumentation, combining method changes with use of 
liquid handling systems. These associated method changes may be specific to the 
implementation of specific instrumentation. 
 Studies have been performed to explore the idea of using phase separations 
combined with centrifugation to isolate the epithelial DNA away from the sperm pellet 
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using the Differex system 
27
.  This process uses the proK aspect of the Gill method to lyse 
the epithelial cells, but then uses an aqueous buffer to capture the soluble E cell DNA.   
Then a nonaqueous separation solution, which is denser than the aqueous buffer, is used 
to separate the aqueous phase away from the sperm 
27
.  Because these two solutions are 
immiscible, they separate during centrifugation and form a layer of aqueous DNA that is 
separated from the tight sperm pellet by a layer of nonaqueous separation solution.  The 
aqueous layer can then be removed, and washes can be performed on the separation 
solution without disturbing the pellet 
27
.  However, this method is reported to result in 
sperm lysis into the NSF during the initial incubation with proK 
6,27
 and minor carryover 
of E cell DNA into the SF 
27
.  It was also noted that removal of the Differex separation 
buffer from the pellet also resulted in sperm loss 
28
. This method can be completed in 2 
hours from start to finish which is a remarkable improvement in processing time, but 
does not provide a cleaner separation than the original Gill method.   While it would 
reduce the time to process the samples, if the separation is not clean, then the method is 
still not optimal. 
Other alternative separation techniques being explored stem from the idea of 
physically separating the cells prior to extraction instead of depending on preferentially 
lysing and removing E cell DNA 
6,26,29–31
. Methods to physically separate cells include 
the use of laser capture microdissection (LM) to physically isolate the sperm cells from a 
mixture of E cells on a slide and transfer them directly to a microtube to be extracted 
31
.  
While this is a powerful method to effectively separate the two types of cells, it requires 
processing time to prepare and stain the slides, identify the cells, and execute the cell pick 
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up.  It also requires the purchase of an expensive microscope with laser microdissection 
capabilities, which may account for why this technique has not been widely implemented.  
In addition, when E cells lyse prior or during slide preparation, their DNA can stick to the 
sperm and as a result, the LM technique produces mixed profiles in some cases 
31
.  While 
it is possible to manually pick sperm cells from a microscope slide, to avoid purchasing 
costly equipment, this method is slower than the LM method and likely results in the 
same mixed profiles when there is E cell lysis before or during slide preparation.   
 Other physical separation techniques include the use of a filter or various 
microfluidic separation techniques.   The filtering method outlined by Chen and 
colleagues utilized differences in E cell and sperm size to filter cell mixtures through a 
porous nylon mesh membrane to allow only the smaller sperm to pass through 
29
.  This 
method is fast, but only recovers about 90% of sperm, and allows some E cells to pass 
through as well as any DNA from lysed E cells 
29
.  In cases with LCN, the incomplete 
separation and loss of sperm would likely result in a mixture and is not optimal for 
routine casework.     
 There are several methods of differential extraction that utilize microfluidic 
separation of cells prior to extraction.  These methods include using antibodies, 
fluorescent tags and microchips to separate the cells 
17
.  Early trials using microdevices to 
perform the separation of the antibody or fluorescently tagged cells resulted in clogging 
of the device by the large epithelial cells 
17
.  The use of a microchip to separate the cells 
is fast and can effectively separate the cells using differences in size, proteins on the cell 
surface, and adsorptive properties 
17
.  The technique requires the use of fluorescence to 
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detect the cells, preparation of the microchips by numerous pieces of equipment, as well 
as a microscope set up to view the separation process 
17
.  While the actual separation 
process is fast and effective, the devices are not yet available.   
 A final method that has been researched to separate the two cell types utilizes an 
enzyme to degrade any leftover E cell DNA that may have stuck to the sperm pellet.  The 
enzyme DNAse1 is a nuclease that can be used to treat the sperm pellet to degrade any 
remaining female DNA 
25
.  This treatment does not affect the sperm DNA as it is still 
tightly bound by protamines and eliminates the need for the many wash steps.  This 
reduces time and increases yield and purity of male extract 
25
.  The nuclease is inhibited 
however by SDS, which is a common lysis reagent.  To avoid degrading the nuclease, 
analysts must use the commercialized buffer Triton X-100™ (Sigma Aldrich, St. Louis, 
MO, USA) 
25
.  A specialized kit utilizing DNAse1 that is manufactured with a specialized 
buffer has been developed by PTC Labs (Columbia, MO, USA) and marketed as Erase 
Sperm Isolation Kit 
25
.  Using the nuclease to degrade DNA results in a faster procedure 
than washing the pellet numerous times.  However,  in a case where the E cells do not all 
lyse in the first digestion, the DNAse1 would be ineffective in removing residual E cells 
which would then be pelleted with sperm into the SF.  There are many alternative 
methods to the differential extraction that have been explored, and only a fraction has 
been discussed here.  Table 1 below contains a brief summary of some articles mentioned 
and additional differential extraction procedures found in the literature.   
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Table 1.  Summary of Differential Extraction Methods in Literature.  
Article Modifications and Insufficiencies Year 
Isolating DNA from Sexual Assault 
Cases: a Comparison of Standard 
Methods with a nuclease approach
22
 
The original differential extraction method.  
Incomplete separation when challenged with LCN 
conditions and time consuming. 
1985 
DNA Extraction from Mixtures of 
Body Fluid Using Mild Preferential 
Lysis 
8
 
 
Decreased incubation times to shorten procedure. 
Results in incomplete separation. 
1992 
The Modified Method of Two-Step 
Differential Extraction of Sperm and 
Vaginal Epithelial Cell DNA from 
Vaginal Fluid Mixed with Semen 
24
 
Decreased incubation times, increased temperatures 
and concentration of ProK.  Increased lysis of 
sperm into NSF, incomplete separation. 
1995 
A Physical Method for Separating 
Spermatozoa from Epithelial Cells in 
Sexual Assault Evidence 
29
 
Physical separation of cells by filter for shorter 
processing time.  Loss of sperm to filter and 
incomplete separations. 
1998 
Instruments and Methods After Sexual 
Assault 
32 
Physical separation via cell sorting of fluorescently 
tagged cells.  Time required to stain cells and post 
separation extraction required. 
1999 
The Use of Laser Microdissection 
Greatly Improves the Recovery of 
DNA from Sperm on Microscope 
Slides 
31
 
Physical separation of cells using laser.   Time 
required to prepare slides.  Expensive instruments 
and incomplete separation. Post separation 
extraction required 
2003 
Separation of Sperm and Epithelial 
Cells in a Microfabricated Device: 
Potential Application to Forensic 
Analysis of Sexual Assault Evidence 
13
 
Physical separation by use of gentle flow rates.  
Faster separation. Requires post separation 
extraction. 
2005 
Sperm DNA Extraction from Mixed 
Stains with Differex™ System 19 
Phase separation to separate cells.  Reduced 
processing time.  Incomplete separation and sperm 
loss during removal of buffer. 
2006 
Acoustic Differential Extraction for 
Forensic Analysis of Sexual Assault 
Evidence 
30
 
Physical separation on a micro-fluidic device.  
Rapid separation.  Requires a post separation 
extraction. 
2007 
Development of a Rapid 96-Well 
Alkaline Based Differential DNA 
Extraction Method for Sexual Assault 
Evidence 
33
 
Uses alkaline solutions to lyse E cells and DNase to 
degrade residual female DNA. Requires post 
extraction concentration and clean up steps. 
2012 
Sperm Elution: An Improved Two 
Phase Recovery Method for Sexual 
Assault Samples 
34
 
Use of Sperm Elution buffer to elute sperm from 
swab.  Requires post elution extraction and 
purification with Qiagen EZ1 Robot. 
2013 
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Table 1.  Summary of Differential Extraction Methods in Literature 
Enhanced Recovery of Spermatozoa 
and Comprehensive Lysis of Epithelial 
Cells from Sexual Assault Samples 
Having Low Cell Counts or Aged up to 
One Year 
6
 
Increased buffer pH and incubation temperature 
Decreased incubation time and increased sperm 
recovery.  Incomplete separations reported. 
2014 
 Sources 5,35 
Many of the differential extraction methods discussed above focus on the separation 
of the cells, but still require the cells to be extracted post separation 
17,26,29–31
 .   Some 
methods result in an extract that would inhibit the PCR reaction and thus require a post 
extraction purification or concentration step 
28,33,34
.  For both of these cases, a common 
aspect of the differential procedures is the use of a QIAamp Spin Column, manufactured 
as part of the QIAamp DNA Mini Kit (Qiagen, Redwood City, CA, USA) for purification 
or post separation extraction.  The QIAamp spin columns can also be used to 
differentially extract mixed sexual assault samples 
36,37
.  The Qiagen differential uses 
ProK and buffer ATL manufactured by Qiagen to lyse the E cells 
36
.  The mixtures are 
incubated at 56°C for an hour before pelleting the sperm 
36
.  The resulting NSF would 
inhibit the PCR reaction and thus needs to be purified on the QIAamp spin columns.  The 
sperm pellet is then washed several times before being extracted in ProK, buffer ATL and 
DTT at 56°C for 1 hour, and then processed over a spin column 
36
.  Purification and 
differential extraction with QIAamp spin columns produces purified amplifiable extracts 
that can be eluted off the column in various volumes.  This allows the analyst to elute in 
smaller volumes for extracts containing small amounts of DNA, negating the need for a 
concentration step.  However, the many wash steps required are time consuming and can 
result in DNA loss.  There is also multiple transfer steps required, increasing the chances 
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of contamination and DNA loss.  The separation method used in the Qiagen differential is 
similar to the original Gill method but substitutes a silica column for the 
phenol/chloroform purification and, therefore, can still result in DNA carryover between 
the two fractions.   
 
1.5 Utilizing Multiple Enzymes to Separate Mixed Sexual Assault Samples 
1.5.1 ForensicGEM™: A Thermophilic Proteinase that Ruptures Epithelial Cells  
There is a thermophilic proteinase that is isolated from an Antarctic Bacillus sp.
9,38
.  
The enzyme is named EA1, and is manufactured by ZyGEM Corporation Limited 
(Hamilton, New Zealand) as ForensicGEM™.  EA1 is effective at lysing epithelial cells 
by degrading proteins and nucleases during a short incubation of 20 minutes at 75°C
9,38
.  
The enzyme does not degrade nucleic acid and results in an extract that does not require a 
purification step as the lysis buffer does not inhibit downstream PCR analysis 
9,38
.  The 
enzyme is stabilized by calcium ions, giving it more stability than most thermophilic 
proteinases at high temperatures 
39
. Because EA1 is optimal and stable at high 
temperatures, it is ideal for DNA “extraction” as the nucleases that are released during 
cell lysis are inactive at such temperatures, allowing them to be easily degraded
40
.  
Because the Zygem methods do not purify the DNA away from the cellular debris and 
other contaminants, it is not an extraction by definition. However, for the remainder of 
this paper the release of cellular DNA into solution will also be referred to as an 
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extraction.  This is a rapid, closed tube extraction technique making it less susceptible to 
contamination and DNA loss while also allowing for the potential automation of the 
process 
38,40
.   
While EA1 is effective at rapidly lysing epithelial cells, it has been shown that it is 
relatively ineffective at lysing sperm by Moss et. al.  The inability of EA1 to degrade 
sperm nuclei has been attributed to the narrow specificity of the enzyme 
39,40
.  EA1 is part 
of a thermolysin family that has been shown to cleave amino acids at Leucine (L) or 
Phenylalanine (F) sites 
41
.  The amino acid sequences of human protamines P1, P2a, and 
P2b, which are responsible for binding and packaging DNA in human sperm, contain 
approximately 50% of the amino acid Arginine (R) and only two L residues
19–21
.  One L 
site is found on protamine P2a and another on P2b, and there are no F residues found in 
any of the three different sequences 
21
.  The amino acid sequences lacking cleavage sites 
for the enzyme may be the reason EA1 is unable to degrade sperm 
35
.  Because this 
enzyme can rapidly lyse epithelial cells and is unable to disrupt the sperm cells, it is an 
ideal enzyme for a differential extraction technique.  EA1 can potentially be utilized on 
mixed sexual assault samples to preferentially lyse the E cells, replacing the need for 
lengthy incubations with reagents that inhibit downstream PCR.  To complete the Zygem 
differential, the next step would be to utilize an enzyme that can also rapidly rupture 
sperm cells without the need of reagents that would require the extract to be purified prior 
to amplification.     
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1.5.2 Trypsin: An Enzyme Ideal for Rupturing Sperm Cells 
 Trypsin is a widely used protease that has a high level of specificity for positively 
charged amino acids 
42
.  It will hydrolyze peptide bonds which have a carbonyl followed 
by an Arginine (R) or Lysine (K) 
43
.  As mentioned previously, the amino acid sequence 
of sperm protamines consists of approximately 50% R residues and several K residues 
that are positively charged 
42,43
.  This gives trypsin plenty of sites to cleave the 
protamines binding sperm DNA, making it an ideal candidate for sperm digestion after E 
cell lysis with EA1.   
Trypsin is a protease and can therefore become susceptible to self-digestion, or 
autolysis 
43
.  If trypsin were to degrade itself during the incubation with sperm, there may 
be a chance all of the sperm would not be degraded before trypsin autolysed.  However, 
trypsin contains a calcium binding loop that when bound to calcium prevents this 
autolysis 
43
.  As stated previously, the enzyme EA1 is able to remain active at high 
temperatures due to its stabilization by calcium ions.  The reagents that make up the 
buffers included in the ForensicGEM kit are not disclosed, however calcium ions are 
most likely included and could potentially help protect Trypsin from autolysis.  Trypsin is 
optimal at temperatures of 37°C, which is much lower than EA1, therefore if there are 
any leftover reagents or EA1 in the SF, Trypsin would not be affected. 
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1.5.3 The Zygem-Trypsin Differential Extraction 
 The research presented here will explore the possibility of utilizing Zygem’s EA1 
followed by Trypsin to differentially extract epithelial and sperm cells from mixed 
samples.  These two enzymes have the potential to perform a rapid differential extraction 
in a closed tube setting.  Because the reagents do not require SDS or DTT which may 
inhibit downstream PCR, there would be no need for the numerous time-consuming 
washes or purification steps often needed with alternative differential extraction 
procedures.  The entire extraction procedure can potentially be performed in one tube, 
minimizing the loss of DNA during transfers and chances for contamination.  This also 
offers the possibility for automation.  Due to the specificity of both enzymes, there would 
potentially be minimal carryover between the two fractions.  EA1 (referred to for the 
remainder of this paper as Zygem) cannot accidentally lyse the sperm, minimizing loss of 
the evidentiary male DNA to the NSF.  Zygem can complete the E cell digestion in 20 
minutes and Trypsin also works rapidly.  This allows the entire procedure to be 
performed from  the initial mixed sample to PCR ready extracts in a matter of hours, 
rather than days.  The two enzymes are also readily available and inexpensive and the 
procedure does not require the purchase of expensive machinery.  The Zygem-Trypsin 
differential may offer a rapid, inexpensive, closed tube procedure that could easily be 
implemented into any Forensic Laboratory.   
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2. MATERIALS AND METHODS 
Prior to and following all experiments, all benches, pipettes and any other 
equipment used were wiped clean with 10% Sodium Hypochlorite (bleach) and again 
with 70% Ethanol. 
2.1 Liquid Sample Preparations 
2.1.1 Preparing Saliva Samples 
For the purposes of these experiments, liquid samples of saliva were used to 
represent the female epithelial cells found on vaginal swabs.  Buccal epithelial cells are 
morphologically indistinguishable from vaginal epithelial cells, and are therefore a viable 
substitution 
44
.  We chose to use liquid samples rather than spot the cells on a swab 
because the purpose of these experiments are a first look at the separation capabilities of 
the procedure, and results could be complicated by incomplete recovery of cells from 
swabs.  Fresh saliva was collected from an anonymous female volunteer, designated 
“Donor A”, prior to each experiment.  Fresh saliva was used for these experiments in 
order to avoid possible rupture of E cells upon freezing.  Because the purpose of these 
experiments is to explore the lysis of E cells away from sperm cells, subjecting cells to 
lysis in a freezer prior to use would skew the experiment in favor of the desired outcome.  
The samples were collected in a clean 1.5mLtube (Eppendorf, UK, Ltd).  200µL of neat 
saliva was transferred to a clean 1.5mL Eppendorf tube and 200µL of Phosphate 
Buffered Saline (PBS) (Fisher BioReagents, Baltimore, MD, USA) was added.  The 
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solution was gently mixed with a vortex and then spun at 6000 rotations per minute 
(RPM) for 5 minutes on an Eppendorf centrifuge 5424 (Hamburg, Germany).  The 
supernatant was removed and re-suspended in 200µL of PBS.  Various dilutions ranging 
from neat to 1:10 were made using PBS for different experiments.   
2.1.2 Preparing Semen Samples 
 Single source semen samples were obtained from Bioreclamation IVT 
(Hicksville, New York).  Twenty five aliquots of 20µL each were made upon arrival and 
stored at -20°C until used to avoid multiple freeze/thaw cycles.  Semen samples are 
referred to as “Donor C”.  Prior to each experiment, a fresh aliquot of semen was 
removed from the freezer and allowed to thaw.  A 1:64 dilution of semen was prepared in 
PBS.  This dilution was used for all experiments unless otherwise specified.    
2.2 Cell Counting 
2.2.1 Phase Contrast Microscopy with a Hemacytometer 
 Semen and saliva preparations were counted prior to each experiment using a 
hemacytometer (Hausser Scientific, Horsham, PA, USA) with improved Neubar ruling 
pattern.   An alternative counting chamber for sperm, Cell-Vu® (Millennium Sciences 
and Engineering, Chantilly, VA, USA), was also used for some experiments.  Cell-Vu® 
disposable slides with 20µM deep chambers are provided with coverslips containing a 1 x 
1 mm grid etched in.  These slides are designed specifically for sperm.  Total sperm in 
4µL were counted in all 100 squares making up the grid, and multiplied by 50 to give 
  
 23   
cells/µL.  Both the hemacytometer and Cell-Vu chambers were viewed on a Nikon 
Eclipse TE2000-S microscope set up for Phase Contrast Microscopy (PCM) at 20x 
magnification.  The use of PCM allowed for the sperm and E cells to be easily visualized 
without the need for staining.  The cells were viewed on the microscope using a 
MAXDATA computer set up with MMi Cell Cut (Molecular Machines & Industries, 
Eching, Germany) equipment and software.   
 For the hemacytometer, cells were counted in the central square measuring 1 
millimeter (mm) by 1 mm (or 1mm²).  The counting chamber has a depth of 0.100mm, 
for a total volume of 0.1µL.  The total cells counted in 1mm² are then multiplied by 10 to 
achieve total cells/cubic mm, which is the equivalent of cells/µL.   After every use the 
hemacytometer and coverslip was rinsed 3 times with distilled water (diH20) and gently 
dried with a kimwipe to ensure the counting chamber was clean prior to additional use.    
2.2.2 Cell Counts and Mixture Preparations 
Neat saliva (prepared as previously described) was counted using the 
hemacytometer.  Before each count, the saliva was vortexed and quickly spun to ensure 
no settling was occurring and the cells were suspended homogenously.  A total of 10 
replicate counts were performed giving a range of 240-530 cells/µL with an average of 
approximately 350 cells/µL.  Using this average of cells/µL and the conversion factor of 
6.6pg DNA/cell for diploid cells, we calculated an estimate of approximately 4 
nanograms (ng) of DNA in 2µL.   
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A 1:64 dilution of semen was counted using the Cell-Vu chambers.  Prior to each 
count, the tube was vortexed and quickly spun to avoid the effects of settling.  A total of 
8 replicates were counted to give a range of 50-300 cells/µL with an approximate average 
of 150 cells/µL.  Using the average of cells/µL and the conversion factor of 3.3pg 
DNA/cell for haploid cells, we calculated an estimate of approximately 4 ng of DNA in 
8µL of semen diluted 1:64. From these counts, 2 µL neat saliva and 8µl 1:64 diluted 
semen to target approximately 1:1 ng mixtures were used for experimental extractions.  
However due to the great variation we saw between replicate cell counts of the same 
sample, the amount of DNA  being added to each separate reaction is only estimated.  For 
all experiments, a master mix of the saliva-semen mixture was made and then aliquoted 
into each reaction tube.    
2.2.3 Examples of Variation in Cell Counts  
A different aliquot of the semen diluted 1:64 from the same donor counted on a 
different day yielded a range of 450-1050 cells/µL, or an approximate range of 12-28ng 
of DNA in the established 8µL of semen added to each extraction.  Two samples of neat 
saliva from Donor A taken on a separate days, counted in duplicate, yielded average 
counts of approximately 560 cells/µL and 680 cells/µL which would yield a total of 7.4 
ng and 9.0 ng respectively in the 2µL added to each reaction.  For some extractions we 
used a 1:3 dilution of saliva, which gave an approximate range of 100-300 cells/µL.  
Adding 2µL of saliva based on these counts gives an approximate target of 1.3-4ng of 
DNA, which shows considerable overlap with cell counts from neat saliva.   
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Because of these large variations between samples and replicate counts of the 
same sample, it was decided that the volumes of cells added to each experiment would be 
held constant and cell mixtures were counted prior to each experiment.  With each 
experiment a set of controls consisting of semen-only samples and saliva-only samples 
were run.  For semen-only reactions, 8µL of semen diluted 1:64 was added to the reaction 
with 2 µL diH2O.  For saliva-only samples, 2µL of saliva was added to the reaction with 
8µL diH2O.  Both sets of controls were run through the entire extraction process and 
resulted in both NSF and SF control samples.   
2.3 ForensicGEM Saliva™ Reagents and Extraction Methods 
2.3.1 ForensicGEM Saliva™ Kit Components and Protocol 
ForensicGEM Saliva™ was purchased from ZyGEM (Hamilton, New Zealand) in 
kits containing either 200 or 500 reactions.  Kits included the enzyme EA1 (Zygem) and 
10x Buffer Blue.  Manufacturer instructions recommend adding the following to a 
reaction tube: 20µL of swab eluate, 10µL Buffer Blue, 69 µL diH20, and 1 µl Zygem for 
a total reaction volume of 100µL.  This concentration of 1µL Zygem in a total of 100µL 
will be designated 1x Zygem.  Because we started with liquid instead of swabs, we used 
10 µL of sample, 10 µL Buffer Blue, 79 µL diH20, and 1 µL Zygem.  A master mix of 
reagents was created by multiplying each reagent volume by number of reactions plus 2, 
and then distributed to each tube.  We performed all extractions in 0.2mL reactions tubes 
(Applied Biosystems, Foster City, CA, USA) so the reaction could be carried out on a 
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thermal cycler (ABI GeneAmp® PCR System 9700).  The manufacturer suggested the 
following specifications for carrying out the reaction:   
Step 1: 10 minute incubation at 75°C (to lyse the E cells) 
Step 2: 2 minute incubation at 95°C (to heat inactivate the enzyme) 
 
We modified this protocol by increasing both incubation times.  Our standard 
Zygem reaction protocol was as follows:   
Step 1: 15 minute incubation at 75°C 
Step 2: 5 minute incubation at 95°C 
 
2.3.2 Modifications to the Zygem Protocol: Increases in Concentration 
 Modification of the enzyme concentration was achieved by increasing the 
volume of enzyme added to the reaction mix, and subsequently reducing the water by the 
same increment to keep the total reaction volumes constant at 100µL.  We ran reactions 
with enzyme concentrations of 1x, 2x, 4x and 10x. The reaction time remained 15 
minutes at 75°C followed by 5 minutes at 95°C.  All reactions were performed in 
duplicate on saliva-only control samples.  After the reaction was completed, the extracts 
were spun at 13950g (Earth’s Gravitational Force) to pellet any remaining undigested E 
cells.  The supernatant was removed, leaving approximately 10µL of liquid in the tube.  
The pellet was re-suspended in the 10µL and viewed by PCM using a hemacytometer.  
Because the cells were numerous enough to be counted in the specified grid, a calculation 
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of cells/volume was obtainable unlike the previous experiment.  Cells were counted over 
an area of 9mm².  Total cell counts were then divided by 9, to give cells/mm², and 
multiplied by 10 to give cells/uL from which ng/µL could be calculated. 
2.4 Trypsin Extraction Methods 
2.4.1 Trypsin Concentration and Incubation Time 
 Stock Gibco® Trypsin was obtained from Thermo Fisher Scientific Inc. 
(Waltham, MA, USA) at a concentration of 25 milligrams(mg)/mL.  To each reaction, 
30µL of trypsin is added to 10µL of sample (either semen only or a semen-saliva 
mixture) for a total reaction volume of 40µL.  This gives a final concentration of 
18.75mg/mL of trypsin.  Extractions were run at 37°C for 1 hour on a thermal cycler, 
pausing to vortex the samples every 10 minutes.  Samples were then heated to 70°C and 
incubated for 10 minutes to inactivate the trypsin.   Even with the heat inactivation step, 
trypsin can still inhibit the thermus aquaticus polymerase (Taq) used in PCR reactions, so 
for every trypsin extraction performed, Zygem was used to clean up the reaction 
following the specifications mentioned above
35
.  The following is the standard trypsin 
extraction protocol used with all steps being performed on a thermal cycler: 
Step 1: 1 hour incubation at 37°C (pausing to vortex every 10 minutes) 
Step 2:  10 minute incubation at 70°C (heat inactivation of trypsin) 
Step 3: Add 1µL Zygem, 10µL Buffer and 49 µL diH20 
Step 4: 15 minute incubation at 75°C 
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Step 5: 5 minute incubation at 95°C 
 
2.4.2 Modifications to the Trypsin Protocol 
 We altered the trypsin concentration as well as the incubation time to examine the 
effects on sperm digestion.  Our starting protocol utilizes an excess of trypsin to ensure 
we were achieving complete sperm digestion.  To explore how much excess trypsin was 
being added, we serially diluted the trypsin concentration in the reactions.  To achieve 
this, we decreased the volume of trypsin added to the reaction and added a subsequent 
volume of diH20 to keep the final reaction volume constant.  Volumes of trypsin added to 
the reaction started at 25µL and decreased by increments of 5µL until 0µL was reached.  
We also included a volume of 0.1µL, which was achieved by making a 1:10 dilution of 
trypsin in diH20 and adding 1µL of diluted trypsin to the reaction tube.  Reactions were 
run in quadruplicate on semen-only samples prepared as described in section 2.2.3.  
Samples were processed on the thermal cycler following the standard trypsin protocol 
outlined above.  Digestion of sperm for each sample was quantified by determining the 
concentration of DNA using quantitative PCR (qPCR) following the extraction. Samples 
were stored at -20°C until used for qPCR.  A set of semen-only samples run in duplicate 
were also extracted with a volume of 1µL of trypsin.  These samples were not treated 
with the post-trypsin Zygem clean up step to determine whether it was the excess trypsin 
or simply the presence of trypsin that was inhibiting the PCR.    
The trypsin extraction protocol requires a total of 90 minutes when including the post 
trypsin treatment with Zygem.  One aim of this research is to produce a rapid differential 
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extraction procedure. Therefore, decreasing the time to digest the sperm would be 
beneficial.  To explore the effects of shorter incubation times on sperm digestion, we 
performed a trypsin extraction on semen-only samples run in quadruplicate for 60, 45, 30, 
and 15 minute time points.  At each time point, the thermal cycler was paused and the 
samples were removed and stored at 4°C until the final 60 minute time point.  The rest of 
the samples not stored were vortexed for 10 seconds and replaced on the thermal cycler 
to continue digestion.  After the 60 minute time point was reached, all samples were 
replaced in the thermal cycler to undergo the post trypsin treatment with Zygem.   One 
sample was used for each of the conditions in order to collect preliminary data.  After the 
extraction was complete, samples were stored at -20°C until quantified using qPCR.   
2.5 Proteinase K- Qiagen Extraction Methods 
 A differential extraction was performed using ProK and the QIAamp spin 
columns manufactured as part of the QIAamp DNA Mini Kit (Qiagen, Redwood City, 
CA, USA).  The extraction procedure was a combination of the two protocols “Isolation 
of Total DNA from Small Volumes of Blood or Saliva” and “Isolation of Total DNA 
from Sexual Assault Specimens” which are part of the QIAamp® DNA Investigator 
Handbook 
36
.  These two protocols were combined as we started from small volumes of 
liquid sample rather than swabs.  The protocol for sexual assault specimens is outlined 
for the processing of swabs, therefore the liquid sample protocol was used for the E cell 
lysis steps.  We also modified the protocol for the processing of the SF to substitute our 
trypsin-Zygem protocol for lysis of the sperm rather than the manufacturer specified use 
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of ProK and DTT and then passed over the columns as specified by the Qiagen Manual
36
.  
The extraction was run in quadruplicate on mixed samples of saliva and semen prepared 
as described previously.  Because of the volumes required for the Qiagen extraction 
methods, the experiments had to be carried out in the larger 1.5mL reaction tubes and, 
therefore,  incubated in either an Istotemp® water bath (Thermo Fisher Scientific Inc., 
Waltham, MA, USA) or a HERAtherm™ Oven (Thermo Fisher Scientific Inc., Waltham, 
MA, USA) depending on the incubation temperature required.  Starting with 10µL of 
saliva-semen mixture, 290 µL of buffer ATL and 10µL of ProK were added to each tube.  
All samples were incubated in a water bath at 56°C for 1 hour and vortexed every 10 
minutes.  The tubes were spun at maximum angular velocity and all but 30µL of the 
supernatant was removed.  The supernatant was then processed over the QIAamp spin 
columns following the instructions from the manual with a final elution volume of 
100µL36.  The sperm pellet was washed in 500µL buffer ATL and spun for 5 minutes at 
maximum angular velocity.  All but 10µL of the supernatant was discarded and the pellet 
resuspended in trypsin, followed by the trypsin-Zygem protocol.  After the trypsin 
protocol was finished, the samples were passed over the QIAamp spin columns following 
the instructions from the manual with a final elution volume of 100µL 36.  Samples were 
stored in -20°C until quantification by qPCR.   
2.6 The Zygem-Trypsin Differential Extraction 
Combining the Zygem and trypsin extraction methods, we performed initial 
differential extractions following the protocol summarized in Figure 1. The Zygem-
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Trypsin differential extraction was run on mixed samples prepared following the 
previously mentioned specifications.  With each set of extraction samples processed, a set 
of semen-only and saliva-only controls were processed in quadruplicate as well as the 
appropriate reagent blanks. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Summary of Zygem-Trypsin Differential Extraction Protocol.  Flow chart depicting the steps 
included in the preliminary differential extraction protocol. 
 
 
 
2.7 DNA Quantification  
2.7.1 Quantifiler Duo for DNA Quantification 
All extractions were quantified using the Quantifiler® Duo DNA Quantification 
Kit (Quant Duo)(Applied Biosystems®, Foster City, CA) under the manufacturer 
specified instructions from the Quantifiler® Duo user guide 
45
.  To quantify all samples, 
START 
Add 10µL mixed sample 
and Zygem reagents 
(total 100µL) to 0.2mL 
reaction tube 
Incubate at 75°C for 15 
minutes to lyse E cells 
Spin at 13950g for 5 
minutes to pellet sperm. 
remove all but 10µl of 
supernatant 
Transfer 90µL 
supernatant (NSF) to 
fresh 0.2mL tube  
Heat NSF to 95°C for 5 
minutes on thermal 
cycler 
Cool to 25°C 
Store at -20°C 
Resuspend Pellet in 
30µL of 25mg/mL 
Trypsin (SF) 
Incubate at 37°C for 1 
hour, pausing to vortex 
every 10 minutes to lyse 
sperm 
Add Zygem and 
reagents to tube. 
Incubate at 75°C for 15 
min 
Heat inactivate Zygem 
at 95°C for 5 min, then 
cool to 10°C 
Store at -20°C 
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the Applied Biosystems® 7500 Real Time PCR system was used (Applied Biosystems®, 
Foster City, CA).  Using these tools, concentrations of both human DNA and total male 
DNA were determined for both the NSF and SF of all samples including controls.  Unless 
otherwise specified, all samples were quantified in duplicate, and the average was taken 
to calculate the total ng recovered from the extraction.  Sample concentrations were 
calculated using a single standard curve which was used for all experiments.  The method 
of using of a single curve in place of calculating a standard curve with each experiment 
was chosen because it has been shown to produce more reliable and reproducible    
results 
46
.  
2.7.2 Determining the Extent of Separation 
Quantification with the Quant Duo kit gives concentrations of both human and 
male DNA in each extract.  From this information  we are able to estimate the extent of 
the differential extraction separation using a series of equations.  The corresponding 
female concentrations were calculated using equation [1].   
[1] 𝐹𝑒𝑚𝑎𝑙𝑒 𝐷𝑁𝐴 (𝑛𝑔/µ𝐿) = ℎ𝑢𝑚𝑎𝑛 (𝑛𝑔/µ𝐿)  − 𝑚𝑎𝑙𝑒 (𝑛𝑔/µ𝐿) 
The DNA mass in ng for both fractions was calculated using equations [2] and [3] 
below, and from these values we calculated the total DNA recovered for both male and 
female by using equation [4].   
[2] 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑁𝐴 𝑖𝑛 𝑁𝑆𝐹 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑔/µ𝐿) 𝑥 90µ𝐿 
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[3] 𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑁𝐴 𝑖𝑛 𝑆𝐹 = 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑛𝑔/µ𝐿) 𝑥 100µ𝐿 
[4] 𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐷𝑁𝐴 𝑖𝑛 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐷𝑁𝐴 𝑖𝑛 𝑁𝑆𝐹 +
𝑚𝑎𝑠𝑠 𝑜𝑓𝐷𝑁𝐴 𝑖𝑛 𝑆𝐹  
Using the mass of DNA for each fraction calculated by equation [2] and [3] and 
the total mass values calculated from equation [4], we calculate the percent male DNA in 
the NSF and SFs as a function of the total DNA in the NSF and SFs as shown in equation 
[5] 
 [5] % 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑙𝑒 𝐷𝑁𝐴 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = (
 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑎𝑙𝑒 𝐷𝑁𝐴 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑙𝑒 𝐷𝑁𝐴 𝑖𝑛 𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑠𝑎𝑚𝑝𝑙𝑒
) ×
100% 
[6] % 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑓𝑒𝑚𝑎𝑙𝑒 𝐷𝑁𝐴 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 100% − % 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑙𝑒 𝐷𝑁𝐴 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 
An ideal clean separation result for female DNA would show 100% female DNA 
in the NSF and 0% female DNA in the SF.  Ideal male results would show 0% male DNA 
in the NSF and 100% male DNA in the SF.  
 Using the mass values from equations [2] and [3] above for both male and 
human, we also calculate the ratio of male DNA in each fraction using equation [7], 
which we use as an estimation of the success of separation.  The female ratio was 
calculated using equation [8] 
[7] 𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑚𝑎𝑙𝑒 𝑡𝑜 𝑡𝑜𝑡𝑎𝑙 𝐷𝑁𝐴 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑎𝑙𝑒 𝐷𝑁𝐴
𝑚𝑎𝑠𝑠 𝑜𝑓 ℎ𝑢𝑚𝑎𝑛 𝐷𝑁𝐴
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[8] 𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑓𝑒𝑚𝑎𝑙𝑒 𝑡𝑜 𝑡𝑜𝑡𝑎𝑙 𝐷𝑁𝐴 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 1 − 𝑟𝑎𝑡𝑖𝑜 𝑜𝑓 𝑚𝑎𝑙𝑒 𝐷𝑁𝐴 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 
Because the NSF should optimally contain solely female DNA, the expected male 
to human ratio would be 0.  If there were any carry-over of male DNA into the female 
NSF due to lysis of male non-sperm cells or premature lysis of sperm, the ratio would be 
greater than 0 and easily identifiable.  Semen contains a varying number of non-sperm 
cells which are round and resemble epithelial cells 
5
.  DNA in these cells would not be 
packaged with the protective protamines that the sperm acquire during spermiogenesis 
and thus will lyse with the female epithelial cells.  It is expected that there would be 
slight presence of male DNA in the NSF due to the presence of these cells.  The ratios 
calculated by equations [7] and [8] were used as an estimation of the success of 
separation to indicate if the samples should be processed through amplification.  Only 
samples showing ratios indicative of clean separation were processed through 
amplification. All calculations were performed using Microsoft Excel® 2010 Spread 
Sheet Software (Microsoft, Redmond, WA,USA).   
Due to variation in the qPCR results, in some cases the mass of male DNA was 
slightly higher than the human DNA, which would produce an incorrect negative female 
value.  In a single source male sample, there should never be more male DNA than 
human as all male DNA is human.  The two numbers should at most be equivalent.  To 
avoid the problem we used Excel® to perform an “If” function, where if the male DNA 
was higher than the human DNA, the ng of human DNA was used as the total ng male 
DNA for further calculations.    
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2.7.3 Dilution of Standard DNA as a Control  
To look at the inconsistencies between the male DNA and human DNA 
concentrations calculated using the Quant Duo kit, standard DNA that is supplied with 
the kit was serially diluted and quantified in duplicate following the manufacturer 
specifications found in the user guide 
45
.  The various masses of DNA were used to 
calculate the ratios of male to human using equation [7].  The ratios of male to human 
obtained from the standard male only DNA was calculated and aided in determining what 
ratios we could expect from successfully separated samples. As male ratios of 1 were not 
obtained from a male standard DNA sample, these male ratios were used to determine an 
approximate extent of separation that we could expect to see from cleanly separated 
mixed samples.  Using this method, if samples had a low ratio, below what is expected 
from the standard male DNA, the separation was considered incomplete and samples 
were not processed any further.  If the mixed samples showed a ratio close to the values 
seen by the standard male DNA, the separation was estimated to be complete and the 
samples continued through the amplification process  
2.8 DNA Amplification 
All samples were amplified with the AmpFℓSTR® Identifiler® Plus PCR 
Amplification Kit (Applied Biosystems®, Foster City, CA).  Amplification preparations 
were made following the manufacturer specified guidelines that can be found in the user 
guide 
47
.  Samples were run under the manufacturer specified run protocol on an Applied 
Biosystems 9700 thermal cycler (Applied Biosystems®, Foster City, CA).  With each 
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amplification, a set of positive and negative controls were run.  The recommended 1ng of 
DNA was amplified, unless the sample was too dilute to achieve 1ng in the maximum 
10µL that can be added to each reaction.  For these samples, the maximum 10µL was 
added to the reaction and the total mass of DNA added to each reaction was calculated. 
The positive control is a standard male DNA sample that is supplied with the kit.  All 
controls performed as expected unless otherwise stated.  Amplified samples were stored 
at -20°C until ready to be separated and analyzed. 
2.9 Capillary Electrophoresis 
All samples were processed through capillary electrophoresis (CE) to separate and 
detect the amplified products from each extract.  Samples were run on an Applied 
Biosystems® Hitachi 3130 Genetic Analyzer (Applied Biosystems®, Foster City, CA) 
with a 5 second injection time at 3 kilovolts, unless otherwise specified. All samples were 
prepared for CE with a mixture of Hi-Di™ Formamide and GeneScan 600 Liz Size 
Standard (Applied Biosystems®, Foster City, CA) with slight modifications to the 
manufacturer specified guidelines 
48
.  We used 0.3µL of the size standard in 8.7µL Hi-
Di™ with 1µL sample, instead of the recommended 0.5µL size standard in 9µL Hi-Di™ 
with 5µL sample.  The formamide serves to keep the amplicons single stranded during 
the CE process.  The size standard is run with each sample in a separate dye from the 
amplicons to create a standard curve for each sample, from which the size of the 
amplicons can be calculated.  These size calculations are performed using the Local 
Southern method after the CE has been run by GeneMapper® ID-X 1.4 software 
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(Applied Biosystems®, Foster City, CA).  Profiles generated were also analyzed using 
the GeneMapper® software with an analytical threshold of 30 RFU and automatic 
removal of PCR artifacts such as stutter.  Profile peak heights and peak height ratios were 
analyzed using Microsoft Excel®.   
3. RESULTS AND DISCUSSION  
3.1 Standard Male DNA: qPCR Male to Human DNA Ratios 
 The most important aspect of the differential extraction procedure that we 
explored was the separation of male and female into the NSF and SFs.  For each 
experimental extraction, the Quant Duo kit was used to quantify the samples post 
extraction.  The kit uses human specific and human male specific primers to amplify both 
total human and male DNA in the sample
45
.  This allows us to look at the ratio of 
male/human DNA (calculated by equation [7] in section 2.7.2) to estimate the extent of 
the separation prior to processing the samples through amplification and capillary 
electrophoresis.  A similar process of determining the extent of separation was outlined 
by Laberke and colleagues, however they used a ratio of human or autosomal/male to 
give what they termed as the RAY value as a prediction of the chances of producing a 
male profile from mixed samples 
49
.  The RAY value outlined by Laberke et al. gives a 
range of values of 1 or greater with numbers closer to one indicating a larger amount of 
male DNA in the mixture.  Data presented here calculates the ratio or percent of male 
DNA in the NSF and SF with values ranging from 0-1 or 0%-100%.  If a SF sample 
showed a considerably higher amount of human DNA than male DNA, we could deduce 
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that the excess human DNA was the result of incomplete separation resulting in female 
carry-over of DNA into the SF.  Calculation of the percent male DNA for either fraction 
provides a preliminary measure of the success of separation.  To use this method, we 
needed to first establish what a ratio of male/human DNA would be from a male-only 
sample.  As there are many factors that can affect the efficiency of qPCR, we wouldn’t 
expect a perfect ratio of 1 from male-only samples every time.  To explore what ratios we 
could expect to find from male-only samples, we serially diluted the standard male DNA 
that is supplied with the Quantifiler ® Duo DNA Quantification Kit and added 2µL of 
each dilution to the reaction following the manufacturer’s instructions.  The DNA was 
quantified in duplicate and the resulting concentrations for the replicate samples were 
averaged prior to calculating the resultant ratios.  The “If” function was used in Excel® 
to give a ratio of 1 in cases where the male DNA was higher than the total human.  The 
results of the dilution series are summarized in Table 2.   
From the dilution series, we were able to see that Quant Duo produced a 
male/human ratio of 1.0 from the standard male DNA when 33ng or more of DNA was 
added to the reaction.  The AmpF l STR ® Identifiler ® Plus PCR Amplification Kit 
recommends a target of 1ng of DNA for amplification, but in many cases the amount of 
DNA available in sexual assault samples is much less than 1ng.  As Table 2 shows, the 
lower the amount of starting material, the further the ratio falls from 1.0.  Based on these 
data, we determined that samples showing a ratio of at least 0.85 or greater in the SF, 
after being differentially extracted, showed the possibility of a clean separation and 
would be considered for processing through the amplification to produce profiles.  For 
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samples that showed low ratios in the SF, it was concluded that the separation was 
incomplete and further adjustments were made to the differential extraction procedure.  
DNA added to reaction 
(ng)*
Male/Human DNA Ratio ± 1 Standard Deviation
100 1.00 0.00
33.4 1.00 0.00
11.12 0.98 0.00
3.7 0.96 0.02
1.24 0.94 0.04
0.42 0.96 0.04
0.14 0.80 0.04
0.05 0.74 0.26
Table 2.  Male/Human DNA Ratio from Standard Male DNA
*DNA was serially diluted and each dilution was quantified in duplicate.
 
3.2 Modifications to the Zygem Protocol: Incomplete Lysis of E Cells 
3.2.1 Sperm Fraction Results 
 The first trial run through of the Zygem-Trypsin differential procedure outlined 
above yielded results of incomplete separation.  Quantification of the NSF and SF by 
qPCR showed significant E cell DNA carry-over into the SF.  The ratio of male to human 
was approximately 0.42 and a corresponding female ratio 0.58.  Semen-only controls for 
this experiment showed a male DNA/human DNA ratio of approximately 0.91, which are 
well within the range of purity expected from the qPCR when the DNA is male-only. 
These controls confirm that the reduced male ratio seen in the mixed samples are most 
likely due to the presence of E cell DNA.    
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 We also calculated the percentages of the total male and female DNA from the 
sample now distributed to each fraction using equations [5] and [6] from section 2.7.2.  
The percent of total male DNA in the NSF equals 2.26 ± 1.70% and 97.74 ± 1.70% was 
in the SF.  These results show that the majority of the male DNA is ending up in the SF 
as expected with a slight amount remaining in the NSF.  The lysis of non-sperm E cells in 
the semen may contribute to this slight presence of male DNA in the NSF.  
3.2.2 Non-Sperm Fraction Results 
The ratio of male DNA/human DNA for the NSFs from these samples showed 
minimal male DNA present with ratios of approximately 0.02, which corresponds with 
the percentage calculations mentioned in the previous section.  The female DNA for this 
experiment was distributed as follows: 34.76 ± 0.76% in the NSF and 65.23 ± 0.76% in 
the SF.  These results show that the majority of the female DNA was in the SF.  This 
carry-over is most likely the result of incomplete lysis of the E cells during the Zygem 
portion of the protocol.  To explore whether or not the cells were being completely lysed 
by Zygem, we ran an extraction on saliva-only samples where the standard procedure was 
halted at the centrifugation step prior to the addition of trypsin.  The 90µL of supernatant 
was removed and the pellet was re-suspended in the remaining 10µL supernatant and 
viewed on Cell-Vu counting chambers under PCM.  Results from this experiment showed 
that there were, in fact, un-lysed E cells contaminating the “sperm-pellet” as can be seen 
in Figure 2.   
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To improve the lysis of E cells by Zygem, the Zygem concentration and 
incubation time was modified by increasing the enzyme to 2µL and 4µL while keeping 
the total digest volume the same.  The Zygem protocol was stopped prior to the addition 
of trypsin and a hemacytometer was used to count any E cells remaining. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Effects of Zygem Concentration on E Cell Lysis.  Total female DNA in ng found in 
sperm pellet with varying concentrations of Zygem.  Each qPCR reaction was run in duplicate.  
Error bars represent ±1 standard deviation (STD).  
Figure 2. Photomicrograph of Un-Lysed E cells Carried-Over into the SF.  Saliva samples on a 
Cell-Vu chamber viewed at 20x using PCM. Grid measures 1mm x 1mm.  A: neat saliva pre-Zygem 
treatment. B: neat saliva post-Zygem treatment.  Presence of E cells shows incomplete lysis following 
Zygem treatment.  
A                                                                      B 
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Preliminary data  from this experiment is summarized above in Figure 3 which shows 
a decrease in the number of E cells in the pellet with an increase in enzyme 
concentration.  The largest decrease was seen between the 1x to 2x concentrations.  
Because the increase to 4x showed similar results to the 2x, the protocol was modified to 
include the 2x concentration of Zygem.   
We also tested the protocol on diluted samples of saliva to explore whether or not 
the amount of starting E cells was exhausting the enzyme.  Zygem has been optimized by 
the manufacturer to increase yield on samples starting with low amounts of material and 
when starting from tissue there will inevitably be undigested tissue left over 
50
. Dilutions 
starting from neat saliva of 1:2 and 1:10 were made with the same volume added to each 
reaction as the neat saliva.  All dilutions were counted prior to extraction.  These samples 
were used with the Zygem protocol through to the centrifugation step and again counted 
using the entire chamber of the Cell-Vu slides.  Results are summarized in Table 3.  
 
Table 3.  Results of diluting saliva and the presence of undigested E Cells after 
treatment with Zygem.  Cells were counted on Cell Vu chambers but were too dilute to be 
counted on the grid.  These data show the total number of cells counted in the entire chamber. 
Saliva Dilution (In PBS) Starting Concentration 
(Cells/µL) 
Cells Counted in 
Chamber 
Neat 2,750 14 
1:2 700 22 
1:10 100 0 
.   
 
We did not observe a distinct difference between the neat and 1:2 dilutions, 
however this may be due to the previously mentioned variation with sample preparations 
and counting practices.  Taking these results into consideration, the volume of Zygem 
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was increased from 1µL to 2µL, while keeping the incubation time at 15 minutes.  
Additional differential extractions used neat saliva and mixtures made with 1:10 or 1:3 
dilutions from neat saliva.  
 
3.3 Modifications to the Trypsin Protocol 
 To explore whether or not we could decrease the trypsin concentration and 
incubation times, we made modifications to the trypsin protocol.  The experiments used 
semen-only samples with serial dilutions of Trypsin.  The incubation times were varied to 
see whether decreasing digestion time affected the recovery of male DNA from sperm.  
Each sample was quantified using qPCR to detect differences in sperm DNA recovered.  
The results of this experiment are shown in Figure 4.   
 
 
  
 
 
 
 
 
Figure 4. Trypsin Protocol Modifications.  Effects of decreased Trypsin concentration 
and decreased incubation time on male DNA recovery in ng. QPCR results from human.  
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The overall yield of DNA extracted from sperm showed a decreasing trend that 
corresponds with the decrease in trypsin concentration.    Additionally, the results for the 
decreasing incubation times showed a slight decrease in DNA yield as the incubations got 
shorter.  Because sperm yield is a crucial step in determining the success of a differential 
extraction, we adjusted digest conditions to continue with an incubation time of 1 hour 
with vigorous shaking every ten minutes. Based on these preliminary results, we reduced 
the trypsin volume to 25µL for a final concentration of 15.625mg/mL for all remaining 
experiments. 
 
3.4 Zygem-Trypsin Differential Extractions 
 
3.4.1 Zygem-Trypsin Differential Extraction:2x Zygem 
 The Zygem-Trypsin differential was run following the protocol outlined in section 
2.6., with the modification of adding 2µL of Zygem and reducing the water to keep the 
reaction volume at 100µL.  Mixed samples were prepared using both neat saliva and 1:10 
diluted saliva.  Semen added to the mixture was kept at a dilution of 1:64.  An additional 
set of samples was included in which a second Zygem digest was done prior to the 
trypsin incubation.  For this group the 2x Zygem mixture was added to each reaction tube 
after centrifugation and removal of the supernatant and the 15 minute digest was 
repeated. This set of samples is referred to as the “double digest” group.  Samples were 
run in quadruplicate for all test groups and quantified by qPCR to obtain the percentages 
of DNA in each fraction.  Results from this experiment are summarized in Table 4.  
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Table 4. Results of the 2x Zygem-Trypsin Differential Extraction. Results are expressed as average 
total male DNA in the starting sample and total female DNA in the starting sample of  DNA in NSF and 
SFs ± 1 STD.  All test groups were run in quadruplicate.  
Mixture 
Components  
& 
Protocol  
Percentage of Male DNA 
Average ± 1 STD 
Percentage of Female DNA 
Average ± 1 STD 
NSF SF NSF SF 
Neat Saliva 
2x Zygem 
1.60 ± 1.24 98.40 ± 1.24 39.13 ± 11.41 60.87 ± 11.41 
1:10 Saliva  
2x Zygem 
3.39 ± 1.08 96.60 ± 1.08 94.35 ± 5.92 5.67 ± 5.92 
Neat Saliva 
2x Zygem 
Double Digest 
4.06 ± 3.30 95.94 ± 3.30 79.76 ± 15.54 20.25 ± 15.54 
  
The results summarized in Table 4 showed little improvement in separation with 
the modifications made to the protocol.  The male percentages are consistent in all three 
experimental groups with the majority of male DNA being extracted into the SF.  These 
results are consistent with the 1x Zygem differential, suggesting that the increase in 
Zygem concentration did not induce pre-sperm lysis.  This result is expected as Zygem is 
known to be ineffective at lysing sperm.   The female percentages for the neat saliva 2x 
Zygem group showed signs of incomplete separation with approximately 60% of the 
female DNA being extracted into the SF.  The ratio of male DNA/human DNA in the SF 
is approximately 0.50 (using an average of 4 replicates).  The 2x Zygem protocol used 
with saliva diluted 1:10 showed less carry-over of female DNA into the SF, suggesting 
that using neat saliva may be overwhelming the enzyme.  Due to the dilution of saliva, 
there was less female DNA recovered in the NSF and a similar amount of male DNA in 
comparison with the other groups which is responsible for altering the percentage.  
Therefore the success of the separation can be attributed to the decreased female DNA 
resulting from the dilution of starting saliva.  These results are summarized in Table 5.  
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Table 5. Concentration of DNA recovered in the NSF for the 2x Zygem-Trypsin 
differential extraction.   Results of qPCR.  All test groups were run in quadruplicate.  Values 
are shown as averages ± 1 STD.   
Mixture Components 
& 
Protocol  
Average Human DNA 
Concentration in NSF 
(ng/µL) 
Average Male DNA 
Concentration in NSF 
(ng/µL) 
Neat Saliva/1:64 Semen 
 2x Zygem  
0.312 ± 0.084 
0.006 ± 0.005 
1:10 Saliva/1:64 Semen 
 2x Zygem  
0.041 ± 0.02 
0.018 ± 0.014 
Neat Saliva/1:64 Semen 
 2x Zygem- Double Digest 
0.383 ± 0.16 0.006 ± 0.005 
 
  The experimental group that received a double digestion with Zygem showed 
similar male percentages to the other experimental groups for both fractions.  This 
suggests that the additional incubation with Zygem did not further disturb the pellet or 
induce pre-lysis of the sperm into the NSF.  The double digest group also showed a 
higher percentage of female in the NSF than in the SF.  However, there was also a large 
increase in variation between replicates.  While more of the female DNA was extracted 
into the NSF the separation still was not clean and due to the increased variation and 
length of the protocol to accommodate the double digest, this experimental group was not 
explored further.   
 Because the percentages of DNA suggest there were still the majority of E cells 
being extracted into the SF, the samples were not processed through to produce profiles.  
Although the 1:10 dilution group showed relatively pure SFs, the low concentrations 
from the NSFs showed that this dilution of E cells is too dilute for an adequate test 
system (see Figure 5).  Even if the SFs from this group produced clean single source 
profiles, it would be attributed to the low amounts of starting material, not increased 
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separation power of the procedure.  In order to lyse more of the E cells into the NSF 
rather than the SF, the following modifications were made to the protocol:  Zygem 
concentration for E cell digestion was increased from 2x to 10x, a 1:3 dilution of saliva 
was used rather than neat or 1:10, and all incubation times and temperatures were kept 
the same.   
 
3.4.2 Zygem-Trypsin Differential Extraction: 10x Zygem 
All mixtures were prepared with saliva diluted 1:3.  Mixtures were made with 
semen diluted 1:64 as well as 1:128.  Control samples of saliva only (diluted 1:3) and 
semen only (diluted 1:64) were included.  An additional set of mixed samples with 1:3 
saliva and 1:64 semen were extracted following the Qiagen protocol outlined previously.  
All samples were run in quadruplicate.  Additionally, a set of mixed samples was 
digested using only the trypsin portion of the protocol to assess the nature of contributors 
to the mixture.  These samples were run in duplicate to establish the mass of DNA in the 
original sample mixtures.  Because there was no separation, no NSF was produced; the 
data is shown as SF data for this control.  The percentages of DNA for this experiment 
are summarized in Table 6 below.   
Results in Table 6 show the average percentage of male and female DNA for both 
NSF and SFs.  Note that the standard deviations and thus the range of results are large for 
the saliva 1:3/Semen 1:64 10x Zygem group illustrating the extent of variability between 
 
 
 
  
 48   
Table 6. Results from the 10x Zygem-Trypsin Differential.  QPCR Results are expressed as percent 
male and percent female DNA for both fractions.  All sample groups were run in quadruplicate.  Prok-
Qiagen group not included as with no SF data, percentages cannot be calculated. *Not Applicable  
 
replicates.  The SFs from these groups however showed the majority of female DNA is 
still being carried-over to the SF.  Strangely, the saliva 1:3/semen 1:128 group showed a 
percentage of female DNA of approximately 90% in the SF.  However, two of the 
replicates showed amounts of 0 DNA when calculated from the mass of male subtracted 
from the mass of human and were excluded from the average calculation.  The 
concentrations for all replicates of this group were much lower than the two other 
experimental groups that received the same starting amount of saliva.  These results seem 
to indicate an error in set up with the saliva and cannot be reliably interpreted.  The male 
percentages for this group however showed expected results.  The male percentages from 
this experiment show that even at high concentrations of Zygem, there is no evidence of 
increased pre-sperm lysis.  This is an important finding as many of the differential 
extraction methods outlined in Table 1 show that when increasing the lysis of E cells, 
pre-sperm lysis was increased.   
Mixture Components 
& 
Protocol 
Percentage of Male DNA 
Average ± 1 STD 
Percentage of Female DNA 
Average ± 1 STD 
NSF SF NSF SF 
Saliva 1:3/Semen 1:64 
10x Zygem  
0.80 ± 0.75 99.20 ± 0.75 41.46 ± 35.97 58.54 ± 35.97 
Saliva 1:3/Semen 1:128 
10x Zygem  
1.98 ± 0.64 98.02 ± 0.64 10.33 ± 3.19 89.67 ± 3.19 
Saliva-Only 1:3 
10x Zygem 
n/a* n/a* 45.93 ± 16.86 54.07 ± 16.86 
Semen-Only 1:64 
1x Zygem 
3.53 ± 1.61 96.47 ± 1.61 n/a* n/a* 
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The ProK Qiagen group was not included in Table 6. because the SFs from the 
group failed to amplify as evidenced by the failed amplification of the Internal Positive 
Control run with each sample during the qPCR process.  This failure to amplify can be 
attributed to the modification we made to include the Trypsin portion of the protocol for 
the SF.  The reagents used in the Qiagen portion of the protocol are known to inhibit 
PCR, hence the lengthy wash steps on the column that are recommended in the Qiagen 
manual 
36
.  It seems that our modification did not include sufficient washing steps to 
remove the PCR inhibitors.  This loss of data can be attributed to an error in sample 
processing rather than the ability of the Qiagen kit to recover DNA. Without the SF data, 
the percentages cannot be calculated.  Because we could not calculate the percentages, 
the ratio of human to male for the NSFs and SFs were calculated and are summarized in 
Table 7 to illustrate results of the ProK-Qiagen group in comparison to the other groups.  
The ProK-Qiagen group showed higher ratio of female DNA/human DNA in the NSF 
when compared to the two Zygem groups and also showed a lower ratio of male 
DNA/human DNA.  This suggests that the ProK-Qiagen protocol may have been 
effective in the lysis of E cells in comparison to the Zygem protocol, however without the 
SF data to compare, a stronger conclusion cannot be made.    The male DNA/human 
DNA ratios for the SF show values approaching the range seen from the semen-only 
controls indicating the separation may have been successful. Although the percentages of 
DNA showed there was still a large amount of carry-over of female DNA into the SF, the 
ratios suggest that even with this carry-over, the mass of male DNA contributes the 
majority of DNA in the fraction.    
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Table 7. Male/Human DNA Ratios in the NSF and SF for the 10x Zygem-Trypsin Differential 
Extraction.   Ratios used to estimate success of separation.  All test groups were run in 
quadruplicate.   Values are shown as averages ± 1 STD. 
Mixture Components 
& 
Protocol 
Average 
Male/Human 
DNA Ratio 
± 1 STD 
Average 
Female/Human 
DNA Ratio 
± 1 STD 
Average 
Male/Human 
DNA Ratio 
± 1 STD 
Average 
Female/Human 
DNA Ratio 
± 1 STD 
NSF SF 
Saliva 1:3, Semen 
1:64 
10x Zygem 
0.30 ± 0.23 0.70 ± 0.23 0.91 ± 0.07 0.09  ± 0.07 
Saliva 1:3, Semen 
1:128 
10x Zygem 
0.78 ± 0.22 0.22 ± 0.22 0.93 ± 0.07 0.07 ± 0.07 
Saliva 1:3, Semen 
1:64 
ProK-Qiagen 
0.09 ± 0.06 0.91 ± 0.06 n/a n/a 
Saliva 1:3, Semen 
1:64 
Trypsin Only 
n/a n/a 0.67 ± 0.08 0.33 ± 0.08 
Semen-Only 
1:64 
1x Zygem 
n/a n/a 0.97 ± 0.05 0.03 ± 0.05 
.     
 
Based on the results from the male DNA/human DNA ratios, DNA from the samples 
discussed in section 3.4.2 was amplified.    From the saliva-only and semen-only samples, 
we established the genotypes of each donor.  Table 8 shows the genotypes from each 
donor and seven loci where there are no shares between the two sets of alleles.  Data from 
these loci was used for estimation of the female and male contribution to the resultant 
mixtures.  Use of any loci where there is overlap between the two donor alleles would not 
provide an accurate assessment of  the percent female contribution as it is impossible to 
deduce what portion of a shared allele would come from the female donor.   
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Table 8.  Genotypes of Donor A and Donor C.  Gray columns indicate loci with no overlap of alleles 
between donors and will be used for subsequent calculation of percent female contribution to a profile.  
Locus D8S1179 
 
D21S11 
 
D7S820 
 
CSF1PO 
 
D3S1358 
 
TH01 
 
D13S317 
 
D16S53
9 
 
Donor A 12,12 
 
30,31 
 
10,10 
 
8,12 
 
15,15 
 
6,9.3 
 
11,13 
 
9,13 
 
Donor B 11,13 
 
28,30 
 
10,10 
 
10,11 
 
14,17 
 
6,7 
 
8,12 
 
11,12 
 
 
Locus D2S1338 
 
D19S433 
 
vWA 
 
TPOX 
 
D18S51 
 
Amel 
 
D5S818 
 
FGA 
 Donor A 19,20 
 
13,14 
 
16,20 
 
9,11 
 
13,15 
 
XX 
 
9,11 
 
21,24 
 
Donor B 20,23 
 
11,13 
 
16,16 
 
8,11 
 
14,17 
 
XY 
 
10,11 
 
20,25 
 
 
For mixed samples we calculated the female RFU over the total RFU to give a 
percentage of female contribution to the SF for the seven loci where there are no shared 
alleles between the donors.  The values for each loci were averaged to give a percent 
female contribution for the entire profile.  This value is a more precise indicator of 
success of the separation by the Zygem-Trypsin differential.    The average percentages 
of female and male contributions are summarized in Table 9.   
 
Table 9.  Results of the 10x Zygem-Trypsin Differential Expressed as a Percentage of Donor 
Contribution to Total RFU from Profiles 
.   
 
Mixture Components 
& 
Protocol 
Percentage of Donor RFU 
Contribution:  
NSF 
Percentage of Donor RFU 
 Contribution: 
 SF 
Female 
Average ± 1 STD 
Male 
(100-Female) 
Female 
Average ± 1 STD 
Male 
(100-Female) 
Saliva 1:3/Semen 1:64 
10x Zygem 
 71.77 ± 1.23 28.23  13.54 ± 1.87 86.46 
Saliva 1:3/Semen 1:128 
10x Zygem 
 90.71 ± 4.78 9.29  18.49 ± 0.91 81.51 
Saliva 1:3/Semen 1:64 
ProK-Qiagen 
 84.13 ± 1.33 15.87 n/a n/a 
Saliva 1:3, Semen 1:64 
Trypsin Only 
n/a n/a  38.77 ± 0.92 61.23 
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Values for the NSF are calculated from the profiles produced from a 10 second 
injection due to the lower amounts of DNA available for amplification.  The SF values 
are calculated from profiles produced by the 5 second injection.   Results from the 10x 
Zygem-Trypsin differential show that the separation was incomplete.  Both NSF and SF 
profiles showed mixed samples with a major and minor component.  The 10x Zygem SFs 
for both dilutions of semen had percentages of female RFU contribution that were less 
than 20% making the male profile clearly distinguishable as the major component.  The 
corresponding NSFs showed the female contribution as the major component, but there 
was still a considerable amount of male DNA present.  The NSFs produced by the ProK-
Qiagen extraction also showed some presence of male DNA.  However, the ProK-Qiagen 
NSF, had 84% female RFU contribution as compared to the approximately 72% female 
RFU contribution from the Zygem-Trypsin differential.  The concentrations shown in 
Table 6 indicate that the increased percentage of female contribution is due to the higher 
concentration of female DNA recovered by the ProK-AL lysis as the concentration of 
male DNA in the NSF is consistent for all procedures.   
The saliva-only and semen-only controls run with the 10x Zygem-Trypsin 
differential provide an additional look at the success of the separation without the added 
complexity from the mixtures.  The peak heights were measured across all loci of each 
profile to give an average measure of RFU.  Peak height ratios were also calculated.  
These results are summarized in Table 10 below with data from one representative profile 
from both the saliva-only and semen-only controls with the corresponding NSF and SFs.  
As expected peak height ratios are higher where larger amounts of DNA are amplified.     
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Table 10.  Average Peak Heights and Peak Height Ratios from Representative Control Profiles Run 
with the 10x Zygem-Trypsin Differential.   
Mixture 
Components 
& 
Protocol 
 Peak Heights 
(RFU)  
NSF 
Peak Heights 
(RFU)  
SF 
Peak Height 
Ratios 
NSF 
Peak Height 
Ratios 
SF 
Average ± 1 STD 
ng Amplified 
Average ± 1 STD 
ng Amplified 
Average ± 1 STD Average ± 1 STD 
Saliva-Only 1:3 
10x Zygem 
243.39 ± 114.35 
0.15 
339.94 ± 146.31 
O.28 
76.54 ± 10.13 81.83 ± 13.66 
Semen-Only 1:64 
1x Zygem 
 
84.34 ± 27.22 
0.12 
1127.44 ± 400.41 
1.00 
 
67.65 ± 21.25 
 
90.10 ± 5.21 
 
The results of the saliva-only control group show how effective the Zygem 
protocol was at lysing the E cells.  From Table 10, we can see that the separation was 
unsuccessful due to the large presence of RFU in the SF.  This portion of the Zygem-
Trypsin differential extraction does not successfully lyse all of the E cells which leads to 
an incomplete separation observed below in Figures 5 and 6.     
From the Semen-Only results, we can see a large presence of male DNA found in 
the SF as expected.  The NSFs from the semen-only samples show peak heights were 
considerably less than the peak heights seen in the SF which may be attributed to 
minimal pre-sperm lysis and/or the presence of non-sperm E cells found in the semen.   
The peak height ratios from the saliva-only and semen-only control groups 
(summarized in Table 10.) showed a better balance of peak heights in the SF for both 
control groups when compared to the corresponding NSF.  The results from the semen-
only group were as expected with a higher balance between the peak heights in the SF 
which has a stronger RFU signal.  The saliva-only group also showed a better balance of 
peak heights and stronger RFU signal in the SF.  Ideally, the E cells would all be 
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successfully lysed into the NSF and we would see higher RFU signal in the NSF and 
better balanced peak heights.  These results again confirm that there has been a 
significant carry-over of E cells into the NSF due to the incomplete lysis of E cells.  The 
amount of female carry-over into the SF seen in these control profiles results in less DNA 
available for the NSF and reduces the chance of producing the male profile from the SF.  
The incomplete lysis of E cells by Zygem is a major issue that must be addressed before 
this procedure could be used for casework.   
From the results of the Trypsin Only group, we can see that the Zygem-Trypsin 
differential effectively separated the E cells from a starting mixture of approximately 
39% female down to an approximate 14% female (See Table 9).  At 39% female, the 
mixed profiles are uninterpretable as the male and female portions are indistinguishable.  
While 14% female is an incomplete separation, the level of female DNA was low enough 
to produce profiles from which the male would be considered a major component and the 
female a minor, allowing for the possibility of interpretation.  However, better separation 
will be required before application to casework is feasible.    Representative profiles from 
the experiment are shown in figures 5 and 6.  
  
 55   
 
 
 
 
Figure 6: A representative SF profile from the 10x Zygem-Trypsin Differential Extraction.  
While there is evidence of female carry-over of DNA into the SF, the male DNA contributes a 
major component.  
 
Figure 5: A representative profile from the Trypsin-Only extraction.  Results show the 
profile of an unseparated mixed sample.   
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4. CONCLUSION  
 In an ideal differential extraction procedure, there will be complete separation of 
both fractions.  Single source female profiles will be produced from the NSF and single 
source male profiles from the SF.  The Zygem-Trypsin differential extraction explored 
here was not successful in completely separating the two fractions.  As seen in the qPCR 
and the profile results, there was a considerable amount of female DNA contaminating 
the SF, which resulted in mixed profiles.  While the separation was not complete, there 
was a considerable reduction in the ratio of female DNA in the SF.  Mixed samples that 
would produce an uninterpretable mixture without separation showed profiles with clear 
major and minor contributors.  While the presence of a major donor in a profile allows 
for possible interpretation of the profile, the analysis methods used may produce less 
informative results than interpretation of a single source profile.   Because of the 
incomplete separation, the Zygem-Trypsin differential is not, at this time, ready for use 
on case work.  However, this research does show that this novel extraction method has 
the potential to be a rapid, inexpensive, easily implemented differential technique 
following further optimization and development of the protocol.  We used the 
ForensicGEM Saliva™ (Zygem, Hamilton, New Zealand) to lyse the E cells.  However, 
Zygem also produces a kit called ForensicGEM Tissue™ (Zygem, Hamilton, New 
Zealand) that is specified for extraction of DNA from tissues that may be more effective 
at completely lysing the E cells.   
 An important finding from the qPCR data was the consistency of the male 
percentages of DNA in the NSF and SF even when processed at high concentrations of 
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Zygem.  These results indicate there was minimal pre-sperm lysis for all experiments, 
which we would expect as Zygem cannot lyse the sperm.   Results continually showed 
that the majority of male DNA is extracted into the SF, which is an ideal result for a 
differential extraction.   
 One major issue with the research presented here is the variability of the saliva 
sample preparation and cell counting.  With every extraction a fresh sample was taken to 
ensure there was no pre-lysis of the E cells prior to extraction.   There was also a large 
amount of variability between replicates created from the same sample for both counting 
purposes and extractions.  For future research and development of this procedure, it 
would be recommended to work with a single sample of saliva that is used to create one 
stock mixture with semen which can then be aliquoted out and stored at -20°C.  While 
this may lead to lysis of the E cells prior to the extraction, it would reduce some of the 
variation seen between experiments and allow for improved comparisons.  Additionally, 
to reduce variability between replicates, one master mix including the Zygem reagents 
and the saliva-semen mixture could be made and dispensed as a master mixture to the 
reaction tubes.   
 Another issue with this procedure is the carry-over of female DNA into the SF 
with E cell DNA.  Incomplete lysis of the E cells by Zygem was confirmed by 
microscopy and qPCR.  Further optimization of the Zygem protocol is necessary if this 
procedure is ever to be implemented into forensic laboratories.   
 Another aspect of the protocol that contributed to the female carry-over of DNA 
into the SF is the lack of wash steps after the NSF was removed.  The protocol used in 
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this research would leave 10µL of NSF on the sperm pellet along with female DNA in 
solution from the lysed E cells.  The pellet was not washed in order to minimize 
disturbance to the pellet since the Zygem reagents would not inhibit the downstream PCR 
steps.  It would be worthwhile to alter the protocol to include a washing step prior to 
extraction of the sperm pellet with trypsin.  This would likely reduce the amount of 
female DNA present in the SF, however it may also result in further loss of sperm to the 
NSF.  Differential extractions are difficult to achieve as there is a delicate balance 
between lysing all E cells and losing sperm cells that must be considered.  The research 
presented here shows the potential of the Zygem-Trypsin differential extraction to be an 
effective method following further research and development of the procedure.   
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